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INTRODUCTION
The ecophysiological preparations made by long-distance migrants are of two kinds: (1) those related to the accumulation of energy stores, usually fat (LindstriSm and Piersma 1993), which is necessary to later support the birds during prolonged and uninterrupted flights (Ramenofsky 1990) , and (2) those related to the performance of the long-distance flight itself (Butler 1991) . During the fuelling phase, the energy stores to carry out the subsequent migratory flight, and in some occasions to survive the lean period following the arrival on breeding grounds afterwards, must be rapidly built up (Alerstam and Received 19 September 1995. Accepted 14 January 1996.
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Lindstram 1990), a process that may require specific hematological adjustments that allow for the rapid transport of assimilated fuel components toward storage sites. Birds stopping over between two successive long-distance flights may additionally have to do some repair work on tissues that were depleted and damaged during the previous flight (Pennycuick 1978 , Goldspink 1991 , Evans et al. 1992 ). Flying is a costly behavior that often takes place at high altitudes with low oxygen pressures (Pennycuick 1989 ), and we expect the oxygen carrying capacity of the blood to be at its highest at the start of such flights.
Here we examine variation in blood characteristics of a long-distance migrating shorebird based on simple hematological measurements on refuelling individuals of the Bar-tailed Godwit Limosa lapponica. The study population winters in tropical West Africa and breeds on tundra in west and central Siberia (Drent and Piersma 1990, Piersma and Jukema 1990). To cover the 8,000-10,000 km separating the tropical wintering and the arctic breeding grounds in spring, most of them make two long flights of about 4,000-5,000 km each, with a stopover for refuelling in the Wadden Sea. Birds not able to make it in only two flights use additional stopovers sites along the route, such as the Atlantic coast of France, and arrive later in the Wadden Sea (Piersma and Jukema 1990). We capitalized on an earlier finding (Piersma and Jukema 1993) that Bar-tailed Godwits refuelling in the Wadden Sea in May come in two types: (1) heavy individuals with fairly complete breeding plumages that undergo an extra molt of contour feathers in the staging area, and (2) lighter individuals with a less complete breeding plumage that show no traces of molt in the second half of May. Members of the latter category may have difficulty in completing the demanding northward migration on time, and a temporal comparison of the blood parameters of the two types might indicate the extent to which blood characteristics change with the nutritional stress imposed by long-distance migration. We concentrated our efforts on the second half of the four-week staging period in May when individuals of high "migratory quality" are recognizable by the presence of molting breast feathers (Piersma and Jukema 1993). Within five min after the birds hit the net (mean 3 min, range 2 to 4), blood was sampled from the brachial vein and collected in heparinized micro-hematocrit capillary tubes. The capillaries were immediately stored on ice and analyzed in the laboratory within ten hours. Hematocrit (Ht) was measured after centrifugation at 6,900 x g for 15 min. The average (?SD) total length of the blood measured in two to six capillaries for each individual was 25.9 ? 6.6 cm (range 10.3-41.6 cm). Since only small quantities of blood were available, the hemoglobin concentration [Hb] in the red blood cells was estimated in duplicate on oxygenated hemoglobin using a Lovibond comparator with a cell thickess of 0.1 mm (Harrison 1938 
MATERIAL AND METHODS
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RESULTS
The patterns of body mass over time in 1995, and the differences between molting and nonmolting Bar-tailed Godwits (Fig. 1A) (Fig. 1IB, C) . The two indicators of red blood cell abundance seemed to converge to similarly high values in the days before migratory departure. There were no temporal and molt-related changes in MCHbC (Fig. 1D) . Two days before departure, the hemoglobin concentration and hematocrit values were somewhat higher than those of a non-migrating, second calendar year bird, with MCHbC being somewhat lower (Fig. 1) . The temporal, molt-, sex-and mass-related differences in the three blood parameters were more comprehensively analysed by analyses of covariance (Table 1) . In these analyses, body mass was entered as a covariate after testing for the homogeneity of slopes in a general linear model. There were no significant interactions between body mass and any combination of explanatory variables with hematocrit as the dependent variable. For hemoglobin concentration, the positive effect of body mass was very significant while that of molt was just short of significance. For hematocrit the results were more clearcut, with the effects of time before departure, molt status and body mass all being statistically significant at the 1% level. Of the four interactive terms, only the interaction between time and molt status was significant. This interaction expresses the convergence of the values for molting and nonmolting birds before departure (Fig. IC) . For MCHbC, none of the factors or the covariate were significant. Fig. 2 shows the changes in the relationships between hematocrit and body mass (adjusted to average male size) in the three periods before departure. It stands out that molting individuals are found at the higher body mass (Piersma and Jukema 1993) and hematocrit values. Although the presented slopes relating hematocrit to body mass appeared to decrease with time before departure (Fig. 2) , the above mentioned test on the homogeneity of slopes indicated that the differences between slopes were not statistically significant. That, two days before departure, there existed a positive slope at all, depended entirely on the presence of a few non-molting birds with very low body masses in the sample (Fig. 2C) . Bar-tailed Godwits that seemed ready to go had hematocrit values of about 54% and a hemoglobin concentration of 20.5 g/100 ml (see also Note, however, that a test on the homogeneity of slopes showed them to be statistically indistinguishable.
migration period during which free-living conspecifics fly in a two-legged migration from the Wadden Sea to arctic Siberia (Ebbinge and Spaans 1995).
In an interspecific comparison of blood parameters in birds, Prinzinger and Misovic (1994) found that body mass was negatively correlated with both hematocrit and hemoglobin concentration. On the basis of their half-logarithmic relationships and a mean body mass of 354 g in our sample of Bar-tailed Godwits, a hemoglobin concentration of 14.8 g/100 ml is predicted rather than the 19.3 g/100 ml that we found. For hematocrit the prediction is 45%, and 51.5% is what we found. With respect to both parameters, migrating Bar-tailed Godwits thus appeared to have concentrations of red blood cells above the average for birds.
That these high hemoglobin concentration and hematocrit values may be interpreted as adjustments for long-distance flights comes from the following findings: (1) the increases in values over time before migratory departure in staging nonmolting Bar-tailed Godwits (Fig. 1B, C) , (2) the relatively high values in all individuals that are about to leave on a 4,000-5,000 km long flight to the arctic breeding grounds, relative to the value ofa non-migrant conspecific (Fig. 1), and  (3 confirmed, it would suggest that a migration towards the breeding grounds comprises a more difficult physiological performance than the return migration. The high hematocrit level of molting Bar-tailed Godwits and those that are ready to depart enhances the oxygen-carrying capacity of the blood but also makes it more viscous (Vogel 1992 ). This means that additional cardiovascular adjustments are necessary for the blood to be pumped: blood with a high viscosity requires larger, more powerful hearts (Vogel 1992 ). This explains why montane birds have higher hematocrit as well as larger relative heart sizes than lowland birds (Carey and Morton 1976) .
A sample of 16 staging Bar-tailed Godwits from the Wadden Sea in the second half of May allows us to examine whether heart size and hematocrit levels are also correlated in these migrants. More to the point is the question of whether molting birds and birds just before departure (i.e., the categories that show high hematocrit levels) carry larger hearts than non-molting birds with blood of lower viscosity. Despite the small sample sizes, the hearts of birds ready to depart were indeed larger than hearts of molting birds halfway through the staging period, which were larger than hearts of non-molting birds (Fig. 3) . The differences between the three categories were (just) statistically significant, both when heart size was adjusted for structural size differences between individuals ( Fig. 3A ; ANOVA, F2,13 = 4.877, P = 0.026) and with heart size relative to total fatfree body mass ( Fig. 3B ; ANOVA, F2,13 = 3.667, P = 0.055). The build-up of red blood cells during refuelling thus seems to be accompanied by a build-up of heart muscle allowing the increasingly "thick" blood to be pumped around at adequate rates.
For reasons of timing and nutrition, some Bartailed Godwits staging in the Wadden Sea do not implement a second molt of breeding contour feathers (Piersma and Jukema 1993). The results presented here indicate that they suffer more physical shortcomings than a low body mass and an incomplete plumage alone. Two weeks before departure, their red blood cell levels are still below that of individuals "on schedule." If the substandard quality of their blood and their relatively small hearts inhibit compensatory rates of body mass gain, such birds may be trapped in a negative nutritional and physiological spiral that fails to show up in Fig. 1A 
